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H ABSTRACT

Survivabili-ty of military combat aircraft has received

increased emphasis by the U. S. Armed Sarvicss in rzecqr.t1

years. The primary objective of the UI. S. military

4 Survivability Policy is to ensure that effective

~ jsurvi4vabilit16y enhancement features are inzorporatel :IIcurrent and all future U. S. c-ombat aircraf-t. Technology
advances in Fly-By-Wire Flight Control Systems hava

significantly enhanced the performance zapabilit-ies of

modern fighter/attack aircraft. In consonance with the

military services survivability policy, a ser'Ls of

survivability design guidelinss for Fly-3y-wir-- Flight

Control Systems have been developed, a nd *a--- herz in

presented. A recommendation for future survivability

enhancement through the use of digital flight co:ntrol

technology, in a manner similar to artificial intelligencq,

is presented.
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I. INT4OD_TION

A. COMBAT SURVIVABILITY....A TECHNOLOGY ISSUE

In the skies today and on the drawing boards to:

tomorrow are military aircraft that ar- tschnologica.

marvels. The F-16, and F/A-18 are superior fiah-r ard

attack aircraft tha-: employ the very latest in

state-of-the-art technologies "n computsrs, f1igh-: cn-rcl

systems, *_ngines, and structural materials. Thes-e machines

have been optimized to levels heretofors unobtainable.

Performance has been built-in to these aircraft. And so has

something else,.......Survivability. rhese aircraf- were

designed to perform their assigned combat missions in the

face of modern arsenals and -o return -o their bases .o fly

again. However, the question must be asked, have these

aircraft designs realized the utmost in survivability

benefits that modern digital systems tazhnologies have to

offer?

Because history has shown that the importance of

survivability has sometimes been forgotten or neglected in

the design and development of military aircraft in

peacetime, it is incumbent upon the aircaft designer, the

military program manager, and the combat aviator to ensure

10
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that today's technological advances, pirticularly .-

applicaticn cf computer augmented flight cor. :c2. B

continue to provide the survivability enhanceren-: faaures

that will keep the cutting edge of our nation's defense

keen.

S. U. S. MILITARY SURVIVAEILITY POLICY

Survivability has been inzreasingiy emphisizz by the

U.S. Armed Services in recent years. The Depar-ms.nt of

Defense and the Military Service Brancn.s have es-.ablished

firm survivability policies regarding arms acqu-siicns.

The primary objective of the U.S. Mili±ary Sirv:vabi2.i'v

Policy is tc ensure that effective suZvivaoil'-y snharcemen-:

features are incorporated in current and all future L. S.

weapcns systems.

A triservice organization, the Joint Technical

Coordinating Group on Aircraft Survivability (JT.3/AS),

created in 1971, has brought togerher tae oes- expertise i"

each of the service branches to plan ani sxicu-e a

comprehensive program to increase -the survivability of

current and future aircraft assets. Within the JTCG/AS

charter are tasks to develop design criteria and imprcv_-

technology to increase the survivability of futurs comba-

, :aircraft and weapons systems.

1 11W



C. SURVIVABILITY REQUIREMENTS/GUIDELINES/SANDARDS

Survivability requirements for airborn . weapon Sys-ms

have been specifiel in different ways by each bra:-zh of -.I

Armed Services. The Navy establish-l AEPONAUTICAL

REQUIREMENT (AR) - 107, "Navy Aizzrzft

Survivability/Vulnerability (Nuclea=/Noncleau"r) 9 74.

MIL-STD- 2072 (&.S), "Military Standard: 3urviva.!i-v,

Aircraft; Establishment and Conduct of ?rograms n:,"

superseded AR-107 in 1977. In 1981, rhz- Depar-:m-n of

Defense issued MIL-STD-2069, "Requirements for Airc:ft

Nonnuclear Survivability Programs." Each document was

prepared in reccgnition of the need for a szandardizsd

systems approach to improving the survivability of U.S.

military aircraft.

DOD MIL-STD-2069 provided guidelin.es and requiremen s

for establishing ind conducting aircraft survivability

programs. Applicability cf the principles aontained th - o-ai

apply to all major weapons system acquii:-ion programs and

is the standard invoked in contractual ag-rements rgarding

aircraft armaments.

Various forms of handbooks have been prepared to prcvide

military planners and industrial designers wi-h the

12
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in formatio and guidance needed an incorporating

survivability features into new and existing systems. Ths

Air Force Systems Command has published a design harndbcok

series, DH-1 through DH-3 (with supplmen-s) for use with

Air Force programs. The Army has publiss.d a "Survivabili-y

Design Guide for Army Aircraft," USAAMRDL ZR-71-41. The

Navy established MIL-HDBK-268 (AS) , "Srzvi vabili-, y

Enhancement, Aircraft Conventional Weapons rh: .ats, Design

and Evaluaticn Guileliaes," in August 1982 fo_ use in The

acquisition process of Naval aircraft systsms. Joint'y, ths

three services work within the guidelines s-ablishesd by th.=

JTCG/AS and published in seSveral voum-- as

DOD-MIl-HDBK-336, "Survi4vabi iity, Airzrift, Non nuclear,

(Various) ."

D. WHY BE CONCERNED WITH AIRCRAFT FLIGHT CONTROL SYSTEMS?

The essential question of flight control survivbil:ty

was derived by the au:hor from a statement aminating from an

analysis of Southeast Asia combat files 3aintainsd by thq

Combat Data and Information Center (CDIC). The statement

attributed approximately 25% of all aircraft lost in

Southeast Asia to the functional loss of the aircraft's

flight control system as a result of comba- induced damage.

13



This percentage figure equated to nearly 500 a:: :

Preliminary investigation reveiled that th.e fligh- zontrol

system of most conventional combat air'.cE ft cont-ributed

approximately 5% to the aircraft's total prs-csntsd area.

The disproportionJlity of the two figaras qeneratel a

concern that culminated in the levelopmeni. of -:Le guidalines

contained herein.

E. PURPOSE

The purpose of this treatise is t:) present in a single

document guidelines for th development -- aicrf &igh

t he combat survivability of aircraft squippsd wit h

* j Fly-By-Wire (FEW) flight control systems.

F. SCOPE

The scope of this effcrt was limit z- to nonnuclear

weapons effects cons iderations. The Fly-by-Wire flight

control systems development guidelines presented withir. we rz

developed in connetctioa with the damage causing aachanisms

associated with cornventional weapons systems, self generated

electromagnetic interference (EMII) phsnamena, and normal

in f 1ight env iroflental/meteorol ogical 1 znditioas to be

expected in the cotbat aircraft's operatIng environzent.



A. WHAT IS AIRCRAFT C311BAT SURVIVABILITY7

Air--raft combat survivability has beer, d-fin-_d as "t4he

capability of an aircraft (weapon systla) to avoid an~d/or

withstand a man-made hostile enviro)nmeant" (Ref. I1I.

Paramount in this definition is ths ability ":avoid and/or

withstand." Ths inabilin-y "1to avoid,"1 th s hos-:i _

environment is reflerred to as susceptibi2l.:y. Ths no.~

"to withstand," the hostile environmert isa rii;rrel n:o as

vulnerability.

Susceptibility, often measured as th4 procbability cf

being hit, Ph, can be divided into three generea. catel-gories:

(1) Defensive weapon system threat activity

(2) De t eL-tiJon , iden t ifi-cat io a, and trackIng by

defensive weapon systems

(3) Engagement by detensive wsapon systems (~.

missile lauinch or gun firing; warhead guidancs;

warhead impact or detonation)

The susceptibility of an aircraft zin be influsnced by

the aircraft's signatures, the tactics and supporting forces

employed, and the integral survivability enhancent

equipment carried on or within the aircraft. Small size,

asi



icreased maneuverability, low vi-sua1/:ada/a'i--al/iz--=-

-..gnatures, terrain masking/terrain following ta~t±.cs,

act~ve/passive electronic countlermeasures, decoeys, a -1d

antiradiation missiles are but a limital salpc-ior -f hs

means to reduce an aircraft's susceptibili--y.

Vulnerability, often measured as : ie p~obab4ili-.y of

being killed 4-f hit, Pk/h, is a direct fai:ztion. and ireasuz:s

of the aircaft's design, and any sarvIvability erhancem-7nt

feature that reduces the amount and effect-l :f damage i nducsl

by an enemy's weapon systems damage mechanisms.

Vulnerability is iLnfluenced by the ability of a syszam to

continue to operate after being hit and by design features

and equipment that prevent or suppress damuage. A flight

j control system that continues to function afte: sustaining a

hit by a damage mechanism on o)ne of i-:s components Is an

example of reduced aircraft vulnerability.

B. SURVIVABILITY ENHANCEMENT CONCEPTS

Survivability enhancements have be-3en gs e= a I Iy

categorized as any feature of in aircraft, any =quipment

carried, any tactic employed, or any combination. therstof

*hat reduces the susceptibility and/or the vulaprab,_'ity of

*an aircraft. Survivability enhancements can be separately

.16
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concentrated into either suscreptibility reductionr fc-atares

or vulnerability reducticn ftatures. Those spscifi-c

susceptibility and vulnerability reduction featur-es can bes

summarized generically into conceptual alemen-ts. The first

of the two categories relatinrg the mijor survivability

enhancement concepts is listed in Table 1.

TABLE I

Survivability Enhancement Concepts -Sus3cep-..bi-'li;,v

Reduct ion

(1) Signature Reduction

(2) Warning Pecei vers

(3) Electron-"c Countermeisures Devi'ces

(4) Expendables

(5) Tactics

(6) Threat Suppression

As presented in Table I, a reductiza in an aircraft's

susceptibility can be brought about by dacreasing its

detectability through signature zoaduction. Reducing an

* aircraft's ability to be detezted and tracked by in enemy

can be st be accomplished in the desigrn process.

Incorporation of quieter, smokeless engines, liilzzinq radar

17



absorbent m-terials, el iminati ng sharp ages (co-r.zr

reflectors), and prescribing low IR refle:-cive paint schem-s-

are examples of this technique. Alerting the crew to

impending missile or gun activity can be achieved through

the use of appropriately selected warning receivers.

Incorporating electronic countermeasures devices, such as

noise jammers and decepticn repeaters, can degrade or

prevent an enemy's defensive systems ability to achieve a

suitable weapons firing sclution. Expendables, in the form

of chaff, infrared flares, and off-board decoy devices, can

confuse and degrade an enemy's weapon systems by masking an

aircraft's true identity cr location. Minimization of

exposure to an enemy's defensive network can be achievsd

through a suitable selection of tactics alternatives.

Examples of this technique can be found it, operat.onal plans

that take advantage of terrain folloeing/terrain masking

flight profiles and that utilize stand-off or

lunch-and-leave weapons. The impact of cr-w skill and

experience and the increased performanc- capabilities of the

modern fighter/attack aircraft, brought about, in part, by

the incorporation of FB flight control systems technology,

can have a major impact on tactics salectinn. rhreat

18



suppression, the ability to actively deny the enzmy an

unhinder-ed oppcrtmnity to fire his weapons, can bs ahi'-v--i

by attacking his weapons emplacements with such means as

anti-radiation missiles and coordinated supporting fi-re from

ancillary uni-ts.

The six cencepts described abovs comprise susceptibbility

reduction, the avoidance portion cf the survivabiliLty dual.

Comple-!ing the dual are six vulnerability reducticn

concepts. These six complementary concepts are preserts'! in.

Table II.

TABLE 11

Survivability Enhancement Concepts - Valnerability Reduction

(1) Component LocatiLon

(2) :oaponent Shielding

(3) Component Redundancy

*(4I) Component Elimination

*(5) Passive Damage Suppression

(6) Active Damage Suppr-9ssion

vulnerability reduction can be bast achieved ir. the

design phases of an aircraft's development. Judicious

selection of the l~cation of critical components to minlimize

19



the possibility of damage and shieldi.ng those critical

components to prevent damage mechanisms from striking .h?

components, rendering them unservicable, are technigu-s most

suited to be achieved during the early design phases.

Incorporation of more than one component to perform a

critical function (component redundancy) can have a major

impact on the vulnerability of an aircraft sr aircraft

system. Additional reductions may be azhisved through -hs

elimination of components entirely (cozp:ne-nt elimin.:icn).

Passive and active damage suppression reducss aircraf-

vulnerability either by ccntrolling the effects of damage

m.chanisms or by reducing or preventing -he subsequent

spread of furtter damage causing effects.

Suitable attainment of an appropriate level of aircraft

survivability can be achieved through the incorporation of

elements from each of the survivability enhancement concep-s

described. However, it must be not-d that no, all

survivability enhancement concepts are necessary or

appropriate for any particular aircraft type on i.ny

particular mission. Paradoxically, a reduction in

vulnerability may lead to a greater degree of

susceptibility, such as the case faced by the designer when

20



adding large amounts of armor plate to an aircraft, :hs 7eb y

increasing the ability to tolerate a hit, but making -the

a ircraft more susceptible to being hit by riilacin; its

speed. Consequeatly, the early identification and

successful incorporat ion of those survivability enhancemen.:

features that most significantly increase the su:vvabiiit-+y

of the aircraft's flight control system ani 4--crsasl the

mission effectiveness 3f the Combat air craft ;.% a weapcons

system is to be regarded as a goal of the survivability

discipline.

21



III. FLGHT 011221 S Y1 1S

A. PLIGHT CCNTRCL BASICS

Flight path control of an aircraft is accoMDpished by

means of a complex series of alectrical, hydr-auli-c, and

mechanical davices collectively title the flighn: contcol

system (PCS) . These basic slaments, when t:ransformed into

sensors, signal paths, actuators, ani surface panels,

provide the means by which the pilot comma-ids an ai:cr;-ft

in-flight about the three axes of motion.

conventional military aircraft utilize three pri-mary

control surfaces to control the three dimensional motion of

the air-craft: the elevators, the rudder and the ailirons. A

right-hand o:thogoaal axis system and the moti.ons produced

by the associated control surfaces are illustrated in?igur=

3. 1.

Deviations frox the basic contrlol surfaces are f6unctionis

ofA the geometric shape of the aircraft. In some air=craft

configurations, the elevators are replaced by a solid

horizontal tail, designated either a stabilator or

stabilizer by the sanufacturer, which moves as a single unit

to provide pitch control. In some aircraft, the tail

surfaces can be controlled either syame=ri ally :r

22



Positive Pitching
y Moment

Lateral Axis Center of Gravity

Longitudinal

Axis Positive
Rolling moment Positive Yawing

X Y x Y

z

Figure 3.1. Reference Aixes/Control Sarface Deflections

assymuetrically to provide pitch and roll control. This

type of tail surface is known as a differential stabilator.

Tailless aircraft employ elevons in place of ailerons and

elevators to provide pitch and roll control. Flaperons

replace ailerons in still other designs.

Additional surfaces, such as speelbrakes, spoilers,

leading and trailing edge flaps, and leading edge slats, are

23



classified as secondary or auxiliary control surfaces.

These devices provide an aircraft a means of speed and

direct lift cont=ol, and can be used as back-up control

surfaces. Despite the nomenclature ani physical

differences, the primary function of a part.icular control

system configuration remains to guide the aircraft in three

dimensional flight.

B. MECHANICAL FLIGHT CONTROL SYSTEM BASICS

Conventional flight control surface movements art

commanded by the pilot through the control column and

control pedals. Movement of the elevator and ailerors is

commanded by means of a stick or wheel controll;er, and

movement of the rudder is prescribed by a pair of rudder

pedals. The basic mechanization scheme is illustratse in

Figure 3.2. The control column and rudder pelals are

mechanically linked to the control surfaces by cables,

pushrods, and bellcranks as illustratel in Figure 3.3 for a

longitudinal control system.

C. POWER-ASSISTED CONTROL SYSrEM BASICS

Most high speed military combat aircraft require some

form of powered flight control system to give the pilot

adequate ccntrcl of the aircraft throughout the flight

24
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MECHANICAL POWER AND CONTROL:

HINGE
ENGINE MOMENT

Eli>
CABLE

PILOT

Mechanical -

Figure 3.2. Mechanical Plight control sechan.&zation

~~Control stick

Control

Surface

Fore/Aft Cable Quadrants Bell Cranks

Figure 3.3. Mechanical Longitudinal Control System
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envelope. Conventional power-assisted control system

designs usually derive the additional power by means of

hydro-mechanical devices. The fundamental configuration -s

depicted in Figure 3.4. The hydraulic pump, selector valve,

servoactuators, and associated plumbing, while adding weight

and complexity to the control system, provile the additicnal

power required. Artificial feel devices are generally

incorporated in the mechanical linkage to provide f-edback

to the pilot. Figure 3.5 illustrates the basic

mechanization of a conventional hydraulic powered

longitudinal control system.

D. FLY-BY-WIRE (FBW) CONTROL SYSTEM BASICS

,Many modern, high technology combat -ircraft tmplcy

fly-by-wire flight control systems. In the basic

configuration, illustrated in Figure 3.6, the pilot is

linked to the control actuators by electrical wires.

Thi electrical wiring provides the control signal paths that

transmit the pilot's commands to the servoactuators.

Sophisticated artificial feel devices pr:vide feedback tc

the pilot. The basic FBW control system configuration is

electrically noisy, and the aircraft is prone to pilot

induced oscillations. To aid in the controllability of the

I
26
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CONVENTIONAL HYDRAULICS: A centralized system with
engine mounted Dumps to
supply hydraulic fluid
through metal lines at
3000 psi.

HYDRO-MECHANICAL
ENGINE PUMP VALVE ACTUATOR

PILOT MECHANICAL
CONTROLLER

Mechanical-
Hydraulic

Figure 3.41. Hydraulic Power System mechanization

aircraft, a series of electronic filters is often inserted

in the system between the pilot and the electro-mechanical

selector devi-ce to reduce noise transients.

E. COMIPUTER AUGM~ENTED FBW CONTROL SYSTEMI BASICS

High speed computers, in-line with the basic FBW flight

control system, may be used to either augment or provide the

controllability of the aircraft. Computer monitoring of the

27



Control stick

Control

Bob WeiqhtSufc

Actuator

Figure 3.5. Hydraulic Powered Longitudinal Control System

flight environment through the addition of motion and rate

sensors coupled to the ccmputer relievss the pilot of the

responsibility to =ontinucusly mornitor his flight path.

One of the most sophisticated applications of a digital

computer augmented FBV flight control system in a military

combat aircraft is the McDonnell-Douglas F/A-18 "Hornet."

This aircraft employs high speed digital computers in-line

with a state-of-the-art FBW system to provide the very

latest in high performance aircraft flight control systems

technology.
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FLY-BY-WIRE: The conventional mechanical linkage
between the pilot's control input
and mechanical controller is replaced
by an electrical signal used to
activate the control surface actuator.

HYDRO-MECHANICAL
ENGINE PUMP VALVE ACTUATOR

PILOT ELECTRO-MECHANICAL
CONTROLLER

Mechanical -

Hydraulic
Electrical .

Figure 3.6. Fly-by-Wire Control System lechanization

The functional design of the F/A-13 Digital Fly-by-Wirs

(DFBW) flight control system is illus~rite in Figure 3.7.

The basic mechanical and electrical F.S subsystems are

diagrammed in Figure 3.8. The basic hydraulic FCS

subsystams are d-picted in Figure 3.9. Note the mechanical

back-up components for controlling the pitch and roll motion

of the aircraft.
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Figure 3.7. 7/1-18 FCS Functional Diagram

30

2M.



PRIMARY SYSTEM - UAOAUPLIX CON rROL-aY-Wu~
BACKUP SYSTEMS O IRECT ELECTRIC LINK

TO ALL SURFACES -
MECHANICAL TO STABILIZER TWIN RUDDERS
FOR PITCH AND POLL

4 // DIFFERENTIAL
* STABILIZER

FLAP AND AILERON

DUL LIH

* Figure 3.8. FIL-18 PCS Elec/Rech Subsystem Diagram

f Figure 3.9. Mk-18 FCS Hydraulic Subsystem Diagram
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IV. PCs FkLU Q _ OES IDENTIFIgATION

A. SYSTEM VULNERABILITY CONTRIBUTIONS

Each individual component of an air:raft has a level of

vulnerability that contributes to the overall vulnerability

of the aircraft. Certain components :nrt-ibute more than

others, and those components which, when damaged or

destroyed, lead to an aircraft loss are the ones of inte-est

here. These components are known as zcitical components.

The systemmatic identification of the critical components

and the quantification of the vulnerability of individual

components is a part of the overall aircraft vuln.erability

assessment. As the vulnerability contribution of each

component, subsystem and system is assessed, various methods

may be implemented to reduce the overall aircraft

vulnerability. The vulnerability reduction technique(s)

chosen for implementation in the FCS must allow the FCS

design to remain within the constraints of cost, weight,

performance, accessibility, and maintainability, et cetera

imposed by contractual agreement.
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B. IDENTIFICATION OF CRITICAL COPONENrS

One purpose of a vulnerability assessment is the

identification of those components whose damage or loss

could lead to an aircraft kill. A general procedure has

been formulated for determining the critical components,

their possible damage or failure modes, and -he effects of

the damage or failure on the continued operation of the

aircraft [Ref. 1].

Fundamentally, the procedure is comprised of three

steps:

(1) selection of an aircraft kill level.

(2) formulation of a complete technical and fanctional

description of the aircraft.

(3) the identification and delineation of the critical

compcnents.

1i -=1a A11.1. _gevels

Combat damaged aircraft and air-raft systems suffer

performance degradations in varying degrees. The level to

which the performance degradation progresses can, in

general, be categorized as an attrition kill, a mission

abort kill, or a forced landing kill.

33
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In attrition kill is defined as that measure of

aircraft damage that results in the loss of the air-raft

from the inventory. Repairability and economy of repair are

factors which may contribute to to an attrition kill without

the physical loss of the aircraft. However, it is the

elapsed time from damage onset to eventual aircraft loss

which provides the scale with which to differentiate between

attrition kill levels. Several attrition kill levels havq

been defined; such as "KK", "K", "", and "", impressed on

a time to aircraft loss scale. Detailel kill lavel

descriptions are contained within DOD

MIL-STD-336-1 (Ref. 21.

A mission abort kill is defina. as that measure of

aircraft damage which results in an aircraft faili-a to

complete its assigned mission, but that Ices no- :esult in a

loss of the aircraft from the inventory.

A forced landing kill, specifically applicable to

helicopters, VTOL, and certain V/STOL aircraft, is defined

as that measure of aircraft damage that causes the pilot to

land his aircraft short of the intended lestination, and the

failure to do so would result in the destzuct on of the

aircraft.
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At each successive stage of the aircraft design

process, the technical and functional dascripticns of

aircraft systems and coopcnents become better defined.

These descriptions, with individual component ar.d systems

dimensions, materials, operations and functions interfaces,

scale and perspective drawings, and aircraft location

profiles, comprise the detailed technical base for use in

the vulnerability assessment. Gathering and continuously

updating this data base, as it is formulated, should be

given a very high priority.

3. _ _ iti._Ma4oQa2n± dIentificaiOi 2ca2=o9___

A sequenced procedure has been formulated to

identify the critical components [Ref. 1]. The first step

in this analysis procedure for the FCS is to identify the

flight essential functions that the FZS must perfarm in

order to continue to accomplish the aircraft-'s mission. The

second step is to identify those FCS subsystems and

components that provide or perform the essential functions.

The third step is to conduct a failure mode and effects

analysis (FUEk) and/or a fault tree analysis (FTAI to

identify the relationship between the individual component
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or subsystem failure and the essential func-:ion (s) it

provides or performs. The fourth step, tha damage moies and

effects analysis (DRE&) , consists of relating ths component

or subsystem failure modes to combat damage causes. The

final step in the process, the presentation of the r.sults,

is often expressed in a logical sequence Kaown 's a kill

expression, or represented graphically as a kill tree.

4. yrL_duKal Exj~amRlje = G.3eric DFBW ?-S

To illustrate this dynamic process, the flight

control system of a generic fighter/attack aircraft wii be

utilized. The time scale of a "B" level attrition kill will

be imposed for illustrative purposes.

A schematic representation of the exampl . DFBW FCS

layout is shown in Figure 4.1. Specific technical and

functional interfaces are depicted in Figura 4.2. The FCS

utilizes dual, high speed digital compaters, quadruple

transmission signal paths, two independent hydraulic

systems, and dual, tandem hydraulic actuators at all control

surfaces. No back-up mechanical control linkage is

provided.

Flight essential functions ars those that are

required tc sustain controlled flight with qualities not

36
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ENGINEAilerons
Flaps
Slats

HYDRO-MECHANICAL

VALVE ACTUATORS

- ----- Rudder

PUMP

Stabilizer
PILOT ELECTRO-MECHANICAL

CONTROLLER

Mechanical -

Hydraulic ---

Electrical-

j Figure 1.1. Generic DFBV FCS Illustration

less than level 3 as defined by MIL-F-8735C [Ref. 3]. Each

mission phase constitutes an evaluation pot.it in the

process. Mi±ssion phases for a typical multipurpose

fk-ghter/attack aircraft include takeoff, climb, ou-tbourd

cruise, descent, target ingress, ordnance delivery, target

egress, climb, inbound cruise, descent, and landinti, as

shown in Figure 4.3. Figure 4.14 delinasas those flight

essential functions in a typical format for the example

fighter/attack aircraft.
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1. Takeoff 7. Target E'gress
2. Climb 8. Climb
3. Cruise Q.Cruise
4. Descent 10. Descent
5. Target Ingress 11. Landina
6. Ordnance Delivery

Figure 4.3. Fighter/Attack Mission Profile Phases

function. The level of severity and tize criticality of

loss of these supporting systems or subsystams mu 3t be

evaluated during this process step. Fi:;tI:e 4.5 depicts a

sample tabulation of some of those major sappo~ting systems

and subsystems. In depth and detailed inalyses ofeach

individual supporting element mus:t be carried cut as each of

these elements becomes sufficiently dafined during the

design process. A sample tabulation of a more detailad

analysis is presented in Figure 4.6.
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------------------------------------- Essential FCS Functions --------

Mission . Provide Controlled . Provide Continuous
Phases Flight . System Status

* . Monitoring

Takeoff x X

Climb X x

Cruise x x

Descent x Xx

Target x X
Ingress

Ordnance .x x
Delivery

Target x *X

Egress

Climb . X.X

*Cruise . X*X

--------------------------------------------------------------------

Landing . X*x

* Figure 41.4. FCS Essential Functions vs. 3ission Phases

Continuously updating the technizal and functional

data base provides. the basis and means for further

refinements of the detailed supporting systams analysis.

The third phase in the analysis procedure- is the

failure mode and affscts analysis and/or the fault tree

analysis. The FREA is a "bottoms-up" ?rocedure that
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--------------------- Essential FCS Functions --------

Supporting .Provide. Controlled *Provide Continuous
System/Subsystem .Flight .System Status
Functions *Monitoring

Electrical x *x

Power

Hydraulic X
Power

* Airconditioning/.
Environmental .x

Control

* Motion Sensor .X

Input

Figre .5 DaicSystems/Subsystems Supporting The FCS.

'.dentifies all possible failure modes of a component or

system, documents these failure modes, and determines thq

effect of each failure mode on the performance of the system

as a whole. The details of the FMEA process, and specific

procedures can be found in MIL-STD-785 [Ref. 4].

Component failure modes generally considerel in an

FNEA include fail-are to operat e, failure to terminate
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------------------------------------- Essential FCS Functions-----
Detailed
Supporting Provide Controlled .Provide Continuous
System/ .Flight .System Status
Subsystem .. Monitoring
Functions

Generate
AC/DC Elec . X*X
Power

Distribute
AC/DC Elec . X.x
Power

Provide
Auto Elec . X.X
Ctc Protect

* Provide
Battery x X*X
Power

Generate
Hydraulic * X*X
Power

Distribute
Hydraulic * X.X
Power

Provide
Hyd Fluid . X*x
Level Sensing.

Provide
Aircond/ . X*x
Environ Ctc
Protection

Provide
Continuous . X*X
Transmission
Signal Path

Provide
Continuous * X *x

Sensor Input.

Figure 4.6. Detailed Support Systems/Subsystems analysis.
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operation, premature operation, ai degraded o:

out-of-tolerance operation. Unique faile modes may be

singularly inserted in this stage of thB process. An

ixample FEA summary report for a hydraulic control sarfcq

actuator for the example FCS is presented in Figure 4.7.

Aircraft Subsystem Failure Effect on Effect of Aircraft Supporting Cmoents
System Component Location Mode Subsystem Degraded Kill References

Subsystem Category
on Aircraft

Fit. Hyd. Act. Vert. Stab. Jammed Rudder Balanced "U", 01.5,7 2,4
Controls IXXIX Hardover flight aircraft

obtainable uncontrol-

with cross- Labia in
controli landing

aircraft configuration
uncontrollable
in PA config.

Severed Rudder Balanced -- , aircraft 03
Trails flight can fly and

obtainable land with
with cross- other control
control or slur facesl
differential functioning
engine power

Figure 4.7. Example VERA Summary Report - Hyd. Actuator
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The actuator becomes a critical componen- fo- an

attrition kill if it jaus the control surface in.to a

hard-over condition, but it is not a critical coanonen- if

it allows the control surface to remain unj-mmed.

Another analysis procedure, the Fault Tree Analysis,

employs a "top- down" approach (Ref. 5). This approach

differs from the PEA in that it assumes an undesired event

and systematically determines what failure o= sequence of

failures could cause the undesired outcome. A segm-nt of an

PTA for the example FCS is prasented in Figure 4.8. The

symbology utilized in the PTA analysis is common to logic

systems and, as such, the PTA is often selectai for its

suitability with computational systems.

j FCS failure modes that cculd result in aircaft

attrition have beem identified for the example FCS and are

presented in Table III.

The FHEA and PTA related failure modes and effects

but did not distinguish the possible cause(s) of the

failure. The Damage Rode and Effects Analysis (DMEA)

provides this essential relationship. In the DREA, the

component and subsystem failures are related to specific

damage causing mechanisms and damage processes. Included in

'4-4



Loss of Control
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Pilot Death or Control
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TABLE III

Example F:S Failure Modes - Attrition Kill

(1) Loss of control inputs

(2) Loss of motion sensor laita

(3) Loss of digital compu-.ar zont-ol

(4) Loss of electrical power to computer(s)

(5) Loss of control signal path

(6) Loss of hydraulic sys:em powar

(7) Loss of control surface actuator

(8) Loss of control surfaze

these primary damage mechanisms are projectiles and

fragments, blast effects from high explosive warheads,

incendiary particles, and High Energy Lasers (HEL). The

damage these agents may cause includes severed electrical

power distribution lines, sensor signal paths, and control

signal transmission lines; jammed mechanical linkages and

servoactuators; loss of hydraulic pressure and hydraulic

fluid loss/leakage; fire (aggravated by petroleum based

hydraulic fluid) ; HEL burn-through and high temperature

heating or melting of ?CS components, ind certain

electromagnetic incompatibilities with components, ievices,

cables, wiring, and connectors. Secondary damage mechanisms
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resulting from the impact of the primary agents on -he FCS

include fire, explosion, spalling, stru.tural f,:.on,

sparks, and fluid leakage. The DMEA prozzess e.valuatss cause

and effect, and quantifies the likelihood of the out'_oe.

Secondary damage causes, resulting frcm the primary damage

mechanism or process, are included in the .valua-ion during

this analysis phase. Detailed descriptions of the

vulnerability assessment quantification process are

presented in reference 1 and in MIL-STD-336-1 [Ref. 2].

Failure modes can be categorized and qualitatively

aligned with the various damage causing levices or events.

Figure 4.9 correllates the example FCS failure modes

presented in Table III with common conventional weapons

damage causing agents.

The next step in the vulnerability assessment

process is the actual determination of the critical

components for the selected kill level assessed.

Distinguishing between redundant and non-redundant critical

components is essential in this phase of the analysis. To

clarify this important distinction, a set of components is

defined to be redundant if the loss of one or more than one,

but not all of the components, does not result in the loss
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Failure/Damage Modes Damage Mechanisms

Penetrator Continuous Rod Fragment Blast Fire. Radiation

Structural Failure Modes

Area Removal X X X X X

Overpressure X

Thermal Degradation X X

Penetration X X X

Electrical Power System
Failure Modes

Line Severance X X X X X X

Grounding X X X X X X

Avionics System Failure
Modes

Failure to Operate X X X X X X

Degraded Operations X X X X X X

Hydraulic Power System
Failure Modes

Loss of Fluid X X X X X X

Loss of Pressure X X X X X X

Jammed Actuator X X X X X

Figure 4.9. FCS Failure Bodes/Damage Causing Agents

of the essential function these components perform. If this

distinction can not be made, the romponents are

non-redundant. As an example, the quadruple control signal

paths shown for the example FCS form a multiply redundant

system because the essential function of providing a
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continuous signal path is maintained even though one or more

than one individual path may be rendered discontinuous.

Another distincticn regarding redundancy must be

made. The term "inalytical redundancy" refers to a method

whereby a computational algorithm is used to predict an end

event or parameter. Then the prediction and sensor

derived measurement are compared, and subseguent action(s)

taken. While not fitting the precise definition of

redundancy, the computational results can be suitably used

in lieu of the sensor output in certain zircumstances.

The determination of the critical components and the

presentation format are often presented in a "kill tree" or

"kill expression." Referring to that portion of the kill

tree shown in Figure 4.10, the physical relationship to a

tree is apparent. The severance of sufficient trunk

segments may result in the loss of the tree and in the case

of the FCS, the loss of the aircraft.

Once identified, the critical romponents may be

subJect to various engineering redesigns to reduce their

contribution to the vulnerability of the aircraft.

9
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V. FCS SURVIVABI L 2_ESIGN GUIDELINES

A. GENERAL FCS rESIGN PRINCIPLES

General design principles to reduce vulnerability should

be exercised to the fullest extent possible throughout the

FCS design process. Commencing with the initial design

phases, a full measure of consideration must be given tc the

combat survivability of the flight control system. Of

course, the desire for increased survivability of the fligh-

control system must be prudently balanced with :he other

requirements of reliability, maintainability, accessibility,

repairability, and safety. Concurrently, the fullest

measure of performance must be achievel, and all these

* factors must be suitably combined within s-ringent ccst and

weight constraints. In the end, the design of the FCS of

military combat aircraft must include suitable protection

from the primary damage causing mechanisms of conventional

threat weapons systems.

The six survivability enhancement concepts developed in

Chapter II (Table II, page 19 provide the foundation for

the general FCS design principles. In general, the FCS

design principles contain provision for component location

and shielding to reduce potential damage risks; elimination
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(via redesign) of high risk, single point failure

components; component redundancy with adequate separation of

redundant components to maintain the essential flight

control function; and the incorporation of passive and

active damage suppression devices and t.3=hniques tc minimize

the effects of incurred damage. A flight ccntrol systsm

design that includes no single point Kill possibilities

should be considered a design goal.

B. SURVIVABILITY DESIGN GUIDELINES FOR FBW FCS

Specific survivability design guidelines applicable tc

the individual coiponents and subsystems of a Fly-by-Wire

Flight Control System have been formulated and are herein

presented. The decision to incorporate any or all of the

design guidelines must be made prudently and with sound

engineering judgement.

1. _eganlsal ants__m Componentsa

a) Flight Control Surface Panels

Where possible:

o Design control surface panels of lightweight
composite materials v4ich exhibit hig
st:emth-t o-aeight ;atios and intsraredundant loa -&rrying z-ipibility fo- high
ballistic damage toleran-e.

SIngrorte silooth surfaze transitions to
reduce a ircraft signatures.

e incorporate multiple surfice panels on each
control plane tq provide e undani t control
surfaces for maximum reconfigurabil ity.

* Utilize heat resistant surface material or
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ablative materials to ratard HEL burnthrough.

b) Hinges/Control Linkages/Bearing Assemblies

Where possible:

0 Design components to be jam-free.

* Utgize self-a4igning bea;g.1 (e.g.
tni-pivot bearings to minimize misalignment
and jamming due to'control rod, acruator arm,
or control surface panel deformation.

e flInimize the 1 enath of mazhanical. control
linkages to r-educe thie pzobability of
deformation or Jistcrtion.

* UtilizT ballis tiqally damage tolerarit
composite materials for -coatrol rods and
torque tubes.

e Design fairleads ballcranks, and idler
assemblies t allow-a measure of functional
performance ~f damaged.

* Iz4stall pr m~r drive mo;Drs,,c ntrcl
linkages, interconnecting &v--ces, and
bearing assemblies in close proximity t~o
primary structural members to take advantage
of the shielding afforded by the primary
s truct ure.

e Ensure that that 41l cont: l surfaces are
fitted with a "trail safe". position-Lag device
to event hardover cgnditions in the event

* of theloss of the drive linkage.

c) Servcatuator:;

9 Design all servo act uators with redundant
power sources (e.g. dual cylinder actuators).

e De gn actuator pistons of flapg~ble or
malleable materi als to minimize the
possibility of jamming.

e Desigqn actuator barrel assemblies of h4.
Strn gth steel for high ballistic esiltnc
(e.g. Electro-Slag Remelt (ESR) Steel).

9 Design the actuitor outer-barrel assemblies
to prtevent cracK propogation.

e Install servoactuators in close proximitz to
irfm stuctralmembers for~ max im a

* InstaJil rate aiud poiinfeedback linka qes
* ~n close prox im1ty sitoo the servoactuatg

assembly for maxi mum shialling.
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9 utilize integral reservoir PUMP, and
electric p cer packag~es w en pssil eg
IntmagrateR Actu8ator Packages (AP)

* Incor porate mi tallic sealsoincpjace of
polymeric seals for HEL pro tac-ion.

* Coat actuatcr housings with h4.gh temperaturs
resistant or ablative materials for HEL
burathrough protectio..

e Incorporate h4.gh strength ablative armor in
areas of critical cornponants.

o Incr~orate very, high si~ ral-to-noise rati-o
servo alv es for increaseg EMI tolerance.

a) Fluid Pressure Generation Subsystems

where possible:

o Design hydraulic power sources to be singls
or double redundant (e.g. separate dual or
triple hydraulic power source s.

o Physically separate hydraulic power sources
as much as posible to reduce the single shot
kill probability of a multiple hyd1r auli c
systema.

o Install power sources in close pr!oxiaiy to
ma in structural members to provide maximum

selding.

o Incorporate high tempefatare resistant or
ablatiye material coat ngs on h draulic pump
cases to increase HEL burnthr0oug tolerance.

b) Fluid Pressure Distribution Subsystems

Where possible:

o Design fluid pressure distribution systems of
hihst eniti, high temperature tolerant

o Incorioralesi. gle or double redundant
istribut if lines on each separate fluid

pressure system.

o Initorp9rate~flow sensors, check valves, and
svic~in crcut;to bypass damaged segments

of1 distribut onilines.

0 1nc ;p te ireservair leve ~ selsnqdevices
to isolate damaged d istributiso R ~es' to
prevent fluid loss.

o Install distributiorn lines in close proximity
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to0 m a,,n structural mezbers to maximize
shielding.

* 0 lievr hi;hegressure (i.e. 4000:6000

0 Otil ze high tamperatull res s-,arit
1 nteiraed hydraulic fluid to reduce or
el.nt fir poential.

3. Zl1~..2nl~ stj go~a mp2Ioajfts

a) Flight Control Avionics Compon~ents

Where oossible:

*Design all p~imary FBW FZS avionics
cciponsat s with multiple redundancy (e.q.
multiple LVDT control in nut s snscrs Dn Ie~ch
control axis input, ad 1. ul-_iple di*qi-al
flight control computersi .

* Desiqnl 11avioni cs co ~ tcases p f tigh
strealgt seel forcomax-Pmnum ballistic

'S Coat, all avioni-s component casgs with h4.gh
temperatare res-stant or ablative materialsfor maximum HEL burnthrou;h pzotect6--o.

9Desi n shock moqnts foj 11 r~land etra
oapgflenl, to w.t hstan~ vibration and eapoa
indcedshock loads.

* InstLll avicnics components in clos!e
i r;imtj oj;imary structural members for

ab tve rmorin rea surouningcritical

b) :lcroi orci Dsg

* Design input/output circuits of very high
signal-to-Noise (SIN) ratio components for
maximum SRI protection.

* Minimize caacitiv, and.in utct',vR
cross-coupling in electrOn I c circuits.

* Incorporate suitable self-protect, energy
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dissigative cirquits to provide lightning an-d
EMI/E NP protection (e. g fusible links,
filters~or spark-gap devizes).

* P'-ovidp so parate and redunda;Lt a alg
chainels, vit hs earate voting iogic, as a
backup to the digital controller.

c) signal Transmission Paths

where possible:

*Design single or double :edizndant siaraJ.
piths between each component or letr:in a
signal path.

so P;ovide suitab;9 sepaat.or, between redundan,:
signal transmissior. lines- to reduce the
single shot kill probabilil'y.

*Route sional transmission lines in close
proximitf to p ;imary structural members fo:
maximum shielding.

so Provide adequate electromagnetic shielding to
reduce NI.

so Uti1ize higqh teppgrature resissant wire
covering to maximize thermal/fire protection
and to minimize HEL burnthrough.

d) External sensors/'Acillary Subsystems

where possible:

*Design multiple redundan-t external sensors
and ancillary subsystems (9;j. Air Data
computers, and Angle of Attac systems).

* I or oat hi hlten rature,. esist-ant oran
ballsti daagetoleranze.

so Povie sparteredundant motion 2nd rate

setoson ach of thren ihe nd cat axes.

s qnors a transmission ,ra pebr

?ilo Cntrol -In 1 It g

so Pr vi e nayt ca ly re un an 56s~
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where possible:

a Design redundant control stizk and =a~dr:
input sensor contacts.

o utilize sequenced voting hlogic arnd multiplex
control commands to each of the central
processing units of tha flight ccrntrol
computer (s).

e Tncorporate separate and idzly displaced
Jrpu cma d siqnal transmislon paths.

a) Electrical Power Generation

Where possible:

e Design electrical power generation systems to
be multiply redundant (e.g. duallgenerators,
each wit hsingle generator capabilIty).

e Incor po~ate multiply reduraant AC/DC
conver sion elemen ts.

* Util.ize automatic/manual or manually
activated ram air turbinse emerg:ency
q anrators, with separate kC/DC convsrsion

j * Design battery back-up systems.

Jb) Electrical Power Distribution

where possible:

*Design electrical bus distributio systems
for "cross-over" transient-free operation.

* Incorporate redundant control signal/power
wiring to IAP (if utilized).

where possible:

* Design separate and redunlant a priori
distributed heating and Cooling,

rsrization, and volumetric flow Systems
o*--itical components (e.g. flight control

computer(a)) )
* Inerporate Ca !l-safe temperature, pressurer

and volume flow sensors (1!. ea Sf
op~~cc i odition is maintained should a

fRlure 9ceur) .
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* Provi.d,, ran air emergency cooling to heat
senS3.4*.-Ve components.

" Deqiqn adequate p agticu1ts, vapqr, ra
moist ure cont., o devi!ces in, prifary and
emergency cooling and pressurizat on systsms.
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A. SUMMARY

in summary, it has been the author's desi.re -:o present

*n a single document a clear-cut set of guidelinss for the

devcelopment of aircraft flight control systems vi-:h specific

emphasis on increasing the combat survivability of ai-rcraft

9quipped with FBI flight control systems. The material

presented and the guidelines delineated have resulted in-

document that is as complete and concise as any slngle

source document can be when dealing with a fast-p'aced,

highly complex technical subject. This locument should

therefore be viewed as a dynamic tool that reflects a

continuous chain of ongcing thoughts and actions to

constantly update and strengthen the quality, capability atd

survivability of the combat systems of our Armed For--es.

B. RECOMMENDATIONS FOR FUTURE ACTIONS

Enhanced survivability alternatives achievabl-e through

digital FBW FCS technology should be investigated fully.

one such survivability enhancement alternative, achievable

through digital technology, is a "self-healing",

-tconfigurable aircraft flight control systsm.
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Consider for a moment that you are the pilot of an

aircraft that has just been hit by enemy grou.d-firs. Ycu

feel the dull thud as the enemy projectile impacts your

aircraft's aft fuselage area and nov you sense the aircraft

beginning to pitch and roll without command. Your suirvival

instinct tells you to try every possible combination of

stick and rudder input tc counter the out-of-control

aircraft motion. Nothing seems to correct the

situation.......your final thought prior to ejecting from

your stricken craft is "if only......"

This hypothetical example is but one of many possible

combat related incidents that might be resolved in another

way through the use of digital technology. Consider the

possibilities afforded by digital technology in regaining

control over a combat damaged aircraft as in the

aforementioned example. With one of the horizontal

stabilators gone, an alternate combination of primary and

secondary control surfaces might be commanded by the

computer to return the aircraft to controlled flight. This

proposed survivability enhancement alternative could be

obtained with minimal additions to present digital

fly-by-wire flight control configurations. The addition of
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a snsr 'u+e. to detect and identify damaged fl-*ght

control components, and a computational algorithm to

reconfigure tbe aircraft control surfaces, similar in ratu~s

to that used in artificially intelligent robot devices, are

all that is required. Without question, succzessfull

achievement of such an adventuresome enginaeeri6ng task would

require a dedicated effort. outlined in the following, is a

plan to accomplish such a project. It is the author's

opinion that sincere thought and consider ation should be

given to such an undertaking in the near term.

A plan to develop an artificially intelligent,

reconfigurable flight control system iould require detailed

engineering analyses of the following areas:

. Coputaionil aaalysis, and wind tannel determ-ination
of aerod namic lf, drag and moment coefficients or.
simulatel coibat danaled aircraft models (e~g. model
testmi o;~m. ammed or trailtng-fre_ control

surfa s m.ns' "gan multiple combinations).

an Deeosn fcoto ufc re::nfigu::bilit:

e Deelomen of uitblesensors to detect the various

rouindtoverify f ight control 3ystem corfiguration

technology and expertise are present within the

siltar-inustialcommunity to achieve the aforementioned
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survivability enhancement alternative at low technological

risk and low cost. It is hoped that tomorrowls history does

not show the way to progress in aircraft survi-vability.
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